The ling, Molva molva, is a commercially exploited demersal gadid fish distributed throughout the Northeast Atlantic. Here, we provide the first study of population genetic structure by genotyping 6 geographically distinct samples with 11 microsatellite DNA markers. The results rejected the hypothesis of a single ling stock in the Northeast Atlantic, and rather suggested the existence of two or more groups, with the main grouping represented by a western (comprising Rockall and Iceland) and an eastern group (Faroe Bank, Norway). Significant genetic differences coincide with an expanse of deep water that probably limits connectivity facilitated by migration. Retention in gyres and directional oceanic circulation may also prevent drift and admixture during planktonic life stages. On the other hand, the apparent absence of genetic differentiation within the eastern part of the distribution range indicates gene flow, perhaps by larval drift and migration, over considerable distances. Our findings should contribute to improving stock assessments and monitoring and thus fisheries management advice for the ling.
Introduction
Fisheries management is often hampered by limited knowledge of key biological and ecological characteristics, including population structure (Reiss et al., 2009) . The need for knowledge is particular acute for deep-living species, including those inhabiting the Northeast Atlantic (ICES, 2001; Gordon, 2003) . Various means have been employed to acquire the crucial information, including data on life history traits, parasite load, and otolith chemistry (Gonzalez et al., 2003; Longmore et al., 2011; ICES, 2012b; and references therein) . However, in the last couple of decades, genetic markers such as microsatellite DNA have found wide application in discriminating among conspecific populations (Roques et al., 2002; Ryan et al., 2005; Knutsen et al., 2007b Knutsen et al., , 2009 Knutsen et al., , 2012 McCusker and Bentzen, 2010; Glover et al., 2011) .
Ling (Molva molva), a widespread gadid species in the Northeast Atlantic (Svetovidov, 1986) , is one example of a poorly studied species of particular interest. Fisheries have exploited this species for centuries, most significantly as a target species of longline fisheries but also as a valued bycatch in other fisheries (e.g. Molander, 1956; Bergstad and Hareide, 1996; Poulsen, 2007; ICES, 2012a) .
While categorized by, e.g. ICES as deep-sea species, ling is primarily neritic and does not really share the life history and behavioural characteristics that render some deepwater species highly vulnerable to overfishing (e.g. low productivity due to slow growth, high maximum ages, low fecundity and strong tendencies to aggregate). Ling has a lifespan of 20 years or more and reach up to 2 m in length (Svetovidov, 1986; Bergstad and Hareide, 1996) , i.e. it is a rather fast-growing fish with a life history similar to other large neritic gadids.
Ling are mainly caught by longlines, but also by gillnets and as bycatch in trawl fisheries (ICES, 2001 (ICES, , 2012a . Historical developments in landings reflect the development of fishing technologies and range expansion of vessels, especially the advances in longlining technology during the mid-20th century, leading to a strong increase in landings and effort (Bergstad and Hareide, 1996) . Ling is a significant target species in several ICES Subareas, yet temporal variation in catches also appears correlated with fishing opportunities for other more favoured species such as Atlantic cod, Gadus morhua (Bergstad and Hareide, 1996; ICES, 2006 ICES, , 2012a . Landings declined substantially during the 1970s and 1980s, but have subsequently remained rather stable (Bergstad and Hareide, 1996; ICES, 2006 ICES, , 2012a .
While recognizing the need for information on population structure, ICES (2006) states that: 'ling at widely separated fishing grounds may still be sufficiently isolated to be considered management units, i.e. stocks, between which exchange of individuals is limited and has little effect on the structure and dynamics of each unit'. Therefore, separate assessments and advice statements are provided for subareas such as Iceland (ICES Div. Va), the Faroes (Vb), and Norway (ICES Subareas I and II), but collectively for all other subareas and divisions where the species occurs including distant fishing areas such as the Skagerrak and Rockall (ICES, 2012c) .
Although little is known regarding active dispersal in ling, its elongated body shape designed for slow cruising (e.g. Koslow, 1996) and the limited dispersal ranges displayed in search of food (Løkkeborg et al., 2000) suggest restricted migration of adults (Svetovidov, 1986) . On the other hand, the relatively long pelagic phase during early life stages (Svetovidov, 1986; Bergstad and Hareide, 1996 ; and references therein) infers a high potential for oceanic drift.
Here we provide the first large-scale study of population genetic structure of ling in the Northeast Atlantic by genotyping geographically distinct samples using recently developed microsatellite markers (Ring et al., 2009) . We discuss the interplay and relative significance of the different mechanisms probably shaping population structure of the species and indicate implications and recommendations of our findings for management advice strategies.
Materials and methods

The species
Ling is highly fecund and attains maturity at 3 -8 years old, recruiting to the fisheries at age 4 -7 years and length 50 -70 cm (Bergstad and Hareide, 1996) . Spawning takes place between March and July, and eggs and larvae remain pelagic for 2 -5 months, depending on location (Svetovidov, 1986; Bergstad and Hareide, 1996 ; and references therein). Pioneer ichthyoplankton surveys conducted in the early 1900s reported aggregations of ling eggs and larvae within the upper 100 m of the water column around Iceland, the Hebrides and Rockall, and in the North Sea, with sporadic presence in the Skagerrak and the Norwegian shelf northwards to Lofoten. Centres of spawning were suggested at Iceland, the Faroes and the Hebrides, and the northern North Sea (Ehrenbaum, 1905; Schmidt, 1906 Schmidt, , 1909 . Records from a range of later egg and larval surveys, although few and scattered, appear to confirm the results of the early studies (Bergstad and Hareide, 1996; and references therein) . After an epipelagic early life stage, juveniles adopt a demersal lifestyle in the shallower parts of the range, moving deeper with size and age (Molander, 1956; Joenoes, 1961; Svetovidov, 1986) . As adults, the typical depth range is 100-400 m, and distribution area comprises mainly the eastern North Atlantic continental and island shelves northeastwards to the southwestern Barents Sea (Svetovidov, 1986) . Its presence in the western Atlantic and the southern part of the Iberian Peninsula is rare (Templeman and Fleming, 1954; Svetovidov, 1986 2008 (VA08) . A total of 674 ling were collected by the following vessels: the Scottish research vessel Scotia (bottom trawl, sample localities RA07 and RA08); from commercial longline catches by the Norwegian reference fleet (FI, IS, SE, VA05, and VA08) (the reference fleet refers to a group of Norwegian commercial fishing vessels that regularly provide samples to IMR as well as detailed information about their fishing activity and catches. The sampling and data management procedures are similar to the system used on-board IMR's research vessels: (Borge et al., 2010) and catches by sport fishing anglers (BE). The ling sampled ranged from 54 to 139 cm in total length, a size range that mostly represents adult 
Statistical analysis
Genotypic data were examined and checked for the presence of null alleles or other problems using MICROCHECKER software (van Oosterhout et al., 2004) . Statistical evidence for selection was tested for by two simulation-based outlier tests implemented in Lositan (Antao et al., 2008) and Bayescan (Foll and Gaggiotti, Figure 1 . Sampling locations (solid circles, for details see Table 1 ), bathymetry (100, 400, and 1000 m isobaths), and main circulatory features associated with major water masses of the Northeast Atlantic. Ling is distributed in the areas where Atlantic water predominates. Note that Rockall (RA07 and RA08) is surrounded by channels exceeding 1000 m, i.e. deeper than the maximum distribution range of ling. (Weir and Cockerham, 1984) and the exact probability test in Genepop v.4.0 (Rousset, 2008) . Here, we adopted the false discovery rate (FDR) approach (Benjamini and Hochberg, 1995) when interpreting test significances. Linkage disequilibrium (LD) between all pairs of loci was tested in Genepop v.4.0 (Rousset, 2008) , using a Fisher's exact test with 10 000 dememorizations, 100 batches and 1000 iterations per batch. Levels of genetic variation were characterized by observed number of alleles (A), allelic richness (A r ), observed (H O ), expected heterozygosity (H E ), gene diversity within samples (H S ), and the average for all samples (H T ) based on Nei and Chesser (1983) , using the FSTAT software (Goudet, 1995) . Genetic differentiation among samples were quantified by Wright's F ST , using Weir and Cockerham's (1984) estimator u in all samples and also within pairs of sample localities. The statistical significance of the analysis was examined by exact tests with 10 000 dememorizations and batches, using 10 000 iterations per batch with Genepop v.4.0 (Rousset, 2008) . The p-values were calculated for each locus separately and summed over loci by Fisher's summation procedure following Ryman and Jorde (2001) . When interpreting the table of p-values arising from pairs of samples, we employed Benjamini and Yukutieli's (2001) FDR approach, which is applicable also to non-independent tests. We also accounted for the effects of variation among loci in heterozygosity levels on genetic differentiation by estimating a standardized measure of differentiation, F ′ ST (Hedrick, 2005) . Standardized values for each pairwise comparison is calculated by dividing the original F ST value (Genepop v.4.0, Rousset, 2008) by the maximum values possible for a given level of heterozygosity, F ST (max), calculated using software RECODEDATA (Meirmans, 2006) together with Genepop v.4.0 (Rousset, 2008) .
Temporal stability of spatial structure was tested for with AMOVA analyses of spatial samples and temporal replicates, using Arlequin ver. 3.5 (Excoffier and Lischer, 2010) . In this analysis, temporal replicates from Rockall (RA07 and RA08) and Vesteraalen (VA05 and VA08) were analysed independently.
Spatial genetic differentiation patterns were examined by a principal component analysis (PCA) based upon covariance matrix of allele frequencies, and visualized using PCAGEN 1.2.1 (Goudet, 1999) . Geographic patterns of genetic structure were further investigated by testing putative correlations between genetic and geographic distances under two different scenarios (Rousset, 1997) . Pairwise F ST estimates among pairs of sample locations were linearized, F ST /(1 2 F ST ), and regressed against: (i) the shortest downstream distance connecting them, following the predominant ocean currents (cf. Figure 1 ) and (ii) against the natural logarithm of geographic distance, using the shortest water distance. Adopting the one-dimensional approach, we tested the hypothesis of gene flow based on transport of pelagic egg and larvae by ocean currents, whereas the alternative two-dimensional approach considered gene flow more generally and also accommodate potential adult dispersal. Under either scenario, isolation by distance effects were tested for by a Mantel test performed in IBDWS v. 3.23 (Jensen et al., 2005 ; http://ibdws.sdsu.edu/~ibdws/). The software BARRIER (Manni et al., 2004) was used to identify barriers to gene flow among locations. As input for the programme, we used sample coordinates (Table 1 ) transformed in XY coordinates and pairwise F ST estimates along all pairs of localities. This analysis was performed for each locus separately and also including all loci. Results from the latter give information on the rank of importance of the barriers, while the analysis at individual locus infers the support for each barrier.
Results
Genetic variability
Initially, we screened 12 microsatellite loci; however, locus MmolC5 displayed a high frequency of null alleles and was therefore excluded from further analysis. Genotyping coverage of the total sample of 647 individuals achieved almost 99% successful amplification, with only 1 (.99%, at locus MmolD137) to 42 (6%, Bbrom2) individuals not scored at each locus. All loci showed high levels of polymorphism, accounting for a total of 150 alleles in the entire dataset and from 7 alleles per sample location at locus Bbrom21 and MmolB115 to 22 alleles at Bbrom2 (Supplementary data, Appendix S1). Gene diversity among loci ranged between H T ¼ 0.247 at MmolB115 and H T ¼ 0.906 at MmolC1, suggesting significant differences in mutation rates. Levels of genetic variability were similar among sample locations, with estimated allelic richness (A r , based on a sample size of n ¼ 51) ranging from 8.1 to 9.3 and average heterozygosity, H S , from 0.647 to 0.684.
Deviation from HW equilibrium was observed in 8 of 88 (9%) cases (loci × localities), and four tests (4.5%) remained statistically significant at the 5% level after FDR correction (Table 1 ). All significant cases refer to deficiency of heterozygotes, and affected two samples (FI at loci Bbrom2, MmolM12, and MmolC1 and VA05 at locus MmolM12). Departure from HW at MmolC1 in sample FI was due to a single individual homozygote for a rare allele. Other possible causes for apparent loss of heterozygotes are poor DNA quality and null alleles. MICROCHECKER suggested the presence of null alleles at loci MmolM12 and Bbrom2 in sample FI and at locus MmolM12 in sample VA05, whereas we find no evidence for poor sample quality. Inspection of F IS estimates for each allele separately in each sample did not indicate any spatial pattern in the departure from HW genotype proportions. Omission of loci MmolM12 and Bbrom2 had very little effect on F ST estimates, and they were therefore retained in the subsequent analyses.
LD was found to be significant (at the 5% level) in 21 of 440 pairwise tests (4.8%) before correction for multiple tests. Significant outcomes appeared randomly distributed among samples and pairs of loci, and only two of them (in BE between pair Bbrom2 × Bbrom21, and in RA07 between pair MmolB2 × MmolD131) remained statistically significant under the FDR approach (at the 5% level). Therefore, our results give no reason to assume that the loci are physically linked. Outlier tests on Lositan and Bayescan suggested no evidence for selection operating on any of the loci (results not shown).
Genetic differentiation and population structure
The overall estimate of genetic divergence among ling sample locations was low (F ST ¼ 0.002, F ′ ST = 0.006), yet allele frequencies differed significantly among localities (joint null hypothesis of no differentiation p , 0.001: Supplementary data, Appendix S1). When considering each locus separately, all F ST estimates were very low (ranging between 20.001 and 0.007), despite the wide range of genetic diversity (i.e. heterozygosity) displayed among loci (Supplementary data, Appendix S1). Differences in allele frequencies among localities were significant only at three loci: Table 2 ), as expected. Test for differences in allele frequencies among pairs of samples revealed significant differentiation in 13 of 28 pairs, although 4 of these disappeared after the FDR (cf. Table 2 ). Considering particular sample localities, all comparison involving samples from Rockall were statistically significant, except to IS (RA07 vs. IS: p ¼ 0.07 and RA08 vs. IS: p ¼ 0.26). Apart from Rockall, the only other significant test after the FDR involved SE vs. IS (F ST ¼ 0.004 and ***p ≈ 0.000). Pairwise comparisons between temporal replicates were very low and not significant (RA2007 vs. RA2008:
AMOVA analysis confirmed lack of temporal changes in patterns of population differentiation among sample localities (spatial: F CT ¼ 0.0025 and p ≈ 0 among localities, and temporal: F SC ¼ 0.0003 and p ¼ 0.327 among temporal replicates).
The PCA plot (Figure 2 ) indicated separation of ling into three tentative major genetic clusters. The first component (x-axis: 32.1% of the overall variation) discriminated RA07, RA08, and IS from the other five samples (BE, FI, SE, VA05, and VA08), whereas the second component (y-axis: 18.9% of the overall variation) separated SE from the others. The landscape genetic analysis conducted with BARRIER confirmed the most important barrier to gene flow between western (RA07, RA08, and IS) and eastern (FI, BE, SE, VA05, and VA08) samples (Figure 3) . A second weaker barrier would isolate the sample from SE (barrier not shown).
There was a tendency for increased genetic differentiation with ocean currents distances among sample localities (slope ¼ 1.17 × 10 26 ), but it was not statistically significant (Mantel R 2 ¼ 0.127, p ¼ 0.108). The alternative test using log distances increased the slope significantly (slope ¼ 0.084); nevertheless, the regression remained statistically non-significant at the 5% level (Mantel R 2 ¼ 0.163, p ¼ 0.067).
Discussion
The main finding of this study is a weak but significant genetic structure for the 11 microsatellite markers, rejecting the hypothesis of a single panmictic population of ling in the Northeast Atlantic. Despite a potential for ling pelagic eggs and larvae dispersing and intermixing over vast geographic areas with ocean currents (Bergstad and Hareide, 1996 ; and references therein), the largest genetic break was found between the western and eastern part of the study area, where samples separated by great depths were generally genetically more divergent. This pattern suggests that overall meso-and microscale ocean dynamics (Hansen, 1992; Hansen et al., 1998; New and Smythe-Wright, 2001 ) overcome the main eastward North Atlantic Current component, and that egg/larval retention prevails over oceanic drift. Hence, it is likely that isolation of the Rockall, and to perhaps a lesser extent IS, is explained by the combination of the bathymetry, restricted adult migratory behaviour, and prevalence of micro-and mesoscale ocean dynamics over large-scale oceanic drift. Barriers to gene flow and isolation of western populations of ling comply with previous studies conducted on other demersal deep-sea fish with low dispersal rates and a pelagic larval stage (Knutsen et al., , 2012 McCusker and Bentzen, 2010) . Meanwhile, the less abrupt bathymetry in the eastern part of the study area would seem to permit also interconnectivity among localities, perhaps by a combination of larval drift with the current and The null hypothesis of no difference (i.e, F ST ¼ 0; F ′ ST = 0) was tested by exact tests for allele frequency difference in GENEPOP. Significant pairs (5% level) are indicated in bold, pairs that remain significant also after FDR (Benjamini and Yekutieli, 2001) Genetic analyses of ling and management advice active migration. Demersal adult and juvenile fish could swim along continuous shelves and ridges, within depth ranges where the species are usually found (Giaever and Forthun, 1999; Knutsen et al., 2009, McCusker and Bentzen, 2010) . Spawning occurs in spring and summer, but spawning areas of ling have not been well mapped, and the areas referred to in the literature are based on scattered information of eggs and larvae and maturing adults (Bergstad and Hareide, 1996) . The impression is that spawning areas are numerous and widely dispersed within the range of the species. There is no evidence of major migrations to particular spawning sites where the species aggregates to spawn and disperses thereafter. That such behaviour occurs locally is possible, but not documented. Therefore, current results regarding genetic structure were not based on sampling of specific spawning aggregations/areas, only fishing areas where adults are targeted. Current patterns of genetic differentiation among ling samples may also reflect historical signatures arisen during colonization of the Northeast Atlantic following the last glacial maximum (ca. 21 ka ago). In this case, the fact that genetic differentiation between western and eastern samples still remained demonstrates incomplete intermixing and the presence of barriers over the study areas.
While historical fishing records (Poulsen, 2007) and time-series of abundance indices extending from around 1970 onwards (Bergstad and Hareide, 1996; ICES, 2006) suggest significant declines in abundance in many fishing areas, ling remains a significant target species in bottom fisheries in the Northeast Atlantic. At present, the management advice for ling in the Northeast Atlantic is provided by 'assessment units' (ICES, 2012c) . Current fishery regulations pertinent to ling vary spatially, reflecting unilateral decisions and/or regulations agreed bi-or multilaterally between fishing nations and the EU. Regulations have included area restrictions, effort limitations, minimum landing sizes, and area-and fleetspecific total allowable catches.
Our findings appear to support the assumption by ICES of limited mixing and thus separate 'assessment units' in Iceland, on the Norwegian Coast, and at the FI and Faroe Bank (e.g. ICES, 2012c). On the other hand, the results also suggest that the pooling into a single assessment units comprising west of the British Isles waters and the North Sea-Skagerrak (ICES, 2006 (ICES, , 2012c lacks biological justification. Given the geographically coarse-scaled sampling of ling in the present study, we cannot provide a full account of spatial population structure and it is likely that more subtle substructuring at finer geographic scales also exist. To enhance resolution, increasing the number of markers analysed (Glover et al., 2010) , together with more rigorous sampling across the whole distribution range of the species will be required.
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